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Abstract: We longitudinally compared fatty acids (FA) from human milk (HM) of mothers delivering
term and preterm infants. HM was collected for 4 months postpartum at 12 time points for preterm
and for 2 months postpartum at 8 time points for term group. Samples were collected from the first
feed of the morning, and single breast was fully expressed. FA were analyzed by gas chromatography
coupled with flame ionization detector. Oleic, palmitic and linoleic acids were the most abundant
FA across lactation and in both groups. Preterm colostrum contained significantly (p < 0.05) higher
8:0, 10:0, 12:0, sum medium chain fatty acids (MCFA), 18:3 n-3 FA compared to term counterparts.
Preterm mature milk contained significantly higher 12:0, 14:0, 18:2 n-6, sum saturated fatty acids
(SFA), and sum MCFA. We did not observe any significant differences between the preterm and
term groups for docosahexaenoic acid, arachidonic acid and eicosapentaenoic acid at any stage of
lactation. Overall, preterm milk was higher for SFA with a major contribution from MCFA and higher
in 18:2 n-6. These observational differences needs to be studied further for their implications on
preterm developmental outcomes and on fortification strategies of either mothers’ own milk or donor
human milk.
Keywords: human milk; preterm; term; infants; lipids; fatty acids; human milk fortification;
docosahexaenoic acid (DHA); mothers’ own milk; donor human milk; arachidonic acid (ARA);
eicosapentaenoic acid (EPA)
1. Introduction
Given the documented short- and long-term advantages of breastfeeding for both the mother
and the infant, it is no surprise that breastfeeding and human milk (HM) feeding are considered
as normative standards by health care professionals and organizations such as the World Health
Organization (WHO), American Academy of Pediatrics and European Commission [1]. WHO
recommends exclusive breastfeeding for the first six months of infant life followed by introduction of
complementary foods and continued breastfeeding for up to two years of life, and even beyond until
mutually agreeable by the mother-infant dyad [2]. Indeed, it has been stated that HM feeding during
this early stage of life is able to meet the nutritional demands of not only growth and development,
but also imparts the immune factors and protects from later in life metabolic abnormalities of apparently
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healthy term infants [3]. For preterm infants, HM confers additional benefits, while reducing morbidity
and mortality and enhancing neurodevelopment of this vulnerable population [4]. However, feeding a
preterm infant requires special considerations to meet the nutritional demands to allow for mimicking
growth that would otherwise take place in-utero.
Understanding the roles of nutrition in general and of lipids in particular, developmental outcomes
of preterm infants has been a subject of much research in an effort to define their nutritional needs [5–9].
Since HM feeding is well tolerated and reduces the risk of co-morbidities such as necrotizing
enterocolitis and sepsis in preterm infants, it is important that feeding HM to preterm infants has
become the primary choice of nutritional source [10]. Furthermore, strategies have also been developed
to supplement mothers’ own milk (MOM) with either multi-nutrient or single nutrient human milk
fortifiers (HMF) based on bed-side analyses of MOM [11]. Nevertheless, the bedside analyses of
MOM has been focused on macronutrients (total proteins, total lipids, total lactose and calculated
total energy) often using mid-infrared spectroscopic methods and not on their detailed profile or other
micronutrients that may also contribute to growth and development [12].
Lipids in unfortified HM/MOM provide approximately 50% of the total energy to its consumers
and the majority (90–95%) of lipids are present in the form of triacylglycerol (TAG), a glycerol molecule
bound to three fatty acids (FA). These FA range from medium chain to very long chain and may be
saturated, mono-unsaturated or polyunsaturated. Additionally, essential FA as well as non-nutritive
bioactive FA are also part of the FA pool supplied via HM. Conventional data suggests that FA in HM
may be modified by the maternal dietary or nutritional supplement intake but not the quantity or
concentration of total lipids [13]. The concentration of HM lipids increases with advancing stages of
lactation [14–16]. In fact, HM composition may be impacted by a multitude of factors ranging from
maternal to infant parameters and even including the physiological and behavioral aspects observed
in the mother-infant dyad. These parameters have been recently reviewed and summarized by Fields
and colleagues [17]. Certainly one of those parameters that may influence the HM composition is the
gestational age at the birth of infants. Mothers of preterm infants have a higher risk of delayed onset
of lactogenesis II and potentially the mammary tissues may not be developed to the extent of their
term mother counterparts [18]. Undoubtedly, more research is needed in this area to understand the
impact of delayed milk production on the mother and the infant.
A handful of reports already exists on comparison of HM from mothers of term and preterm
infants. However, they have either focused on selective FA such as arachidonic acid (ARA) or
docosahexaenoic acid (DHA) [19,20], or focused only on transitional and mature milk [21]. Therefore,
in this study we aimed to explore and compare the composition of FA in HM produced by mothers
delivering a preterm infant to that of a term infant from colostrum, transitional and mature milk.
2. Materials and Methods
2.1. Ethical and Legal Considerations
This study was conducted according to the guidelines of the Declaration of Helsinki. The study
protocol with all procedures involving human subjects was approved by the Ethical Board (Commission
cantonal d’éthique de la recherché sur l’être humain) of the Canton de Vaud, Switzerland (Protocol
69/13, clinical study 11.39.NRC; April 9, 2013). Written consent was obtained from all participating
subjects of the study. The study was registered at ClinicalTrials.gov with the identifier NCT02052245.
2.2. Study Settings and Subjects
The study was conducted between October 2013 and July 2014 at the neonatal intensive care unit
(NICU) of the University Hospital (CHUV) in Lausanne, Switzerland. A longitudinal HM sampling
from lactating mothers was performed for HM characterization. Subjects were recruited at the hospital
within 2–3 days after giving birth (preterm and term births) by a single dedicated lactation nurse who
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managed all interactions with subjects from start to finish of the study. A total of 61 mothers were
recruited for the study, out of which 27 had preterm deliveries and 34 had term deliveries.
2.3. Inclusion and Exclusion Criteria
Eligibility criteria for this study included women older than 18 years of age giving (1) preterm
birth (between gestational ages 28 0/7 and 32 6/7 weeks) or (2) term birth (>37 0/7 and not above
41 6/7 weeks) with mothers’ intention to exclusively or partially breastfeed at least until 4 month
post-partum. Exclusion criteria included gestational and pre-gestational diabetes (type I or II), alcohol
or illicit drug consumption and insufficient skills to understand study questionnaire. Availability of
refrigerator/freezer at home for storage of collected human milk samples was required.
2.4. Data Collection
After the subjects were enrolled and their signature obtained on the informed consent form,
the following information was collected for (a) mothers: age, height, weight before pregnancy and at
delivery, and (b) for the infants: date of birth, sex, gestational age, delivery method, weight, and head
circumference and sibling related data. The dedicated study nurse conducted data collection in
face-to-face interviews with the subjects.
2.5. Human Milk Sampling, Handling, and Storage
HM from mothers of preterm infants were sampled weekly for eight weeks post-partum and then
once every two weeks for eight more weeks totaling 12 longitudinal samples. HM from mothers of term
infants were sampled weekly for eight weeks post-partum totaling eight longitudinal samples. Various
aspects of HM sampling were standardized for all subjects. Milk was collected between 06h00 and
12h00 using an electric breast pump (Symphony®, Medela, Baar, Switzerland) allowing the mothers
flexibility to express at home or at the NICU. The side of the breast selected by the mother was kept the
same during the entire study and the mothers were requested to empty the breast in the previous feed
or the pumping session. Single full breast was sampled and an aliquot of 10 mL HM for each time point
(or 1–3 mL for the first two sampling time points in the preterm group) was reserved for biochemical
characterization. The remainder of the HM was returned to the mother for feeding to the infant at a
later time point, if so required. Each sample was transferred to freezing tubes, labelled with subject
number and collection information, stored at −18 ◦C in the home freezer, transferred to the hospital
(storage at −80 ◦C) and then shipped to the Nestlé Research Centre (Lausanne, Switzerland) where it
was stored at −80 ◦C until analysis. The frozen HM samples were thawed once for aliquoting into
15 individual small volume fractions (min 0.2 mL to max 2 mL) in separate polypropylene Eppendorf
tubes dedicated to the different analyses. The aliquoting approach was implemented to avoid repeated
thawing-freezing cycles and to adapt the required volumes to the specific needs of the individual
analytical methods.
2.6. Quantification of Total Lipids in Human Milk
Total lipid content was measured in HM samples by a human milk analyzer (HMA). The device
employed for analyses was a HMA generation 3 (Miris AB, Uppsala, Sweden) using the XMA-SW
software version 2.87 (Miris AB, Uppsala, Sweden). This HMA is based on semi-solid middle infrared
(MIR) transmission spectroscopy. The wavebands used are specific for the functional carbonyl groups
(5.7 µm) for fat determination, amide groups (6.5 µm) for protein determination, and hydroxyl groups
(9.6 µm) for carbohydrate determination. Prior to analysis, a daily calibration check was performed
using the calibration solution provided by the supplier. All samples were homogenized for 3 × 10 s
using the MIRIS sonicator (MIRIS AB, Uppsala, Sweden) as recommended by MIRIS and were kept
in a water bath at 40 ◦C prior to measurement. Homogenized samples (1 mL) were injected into the
flow cell and measured within a minute. Once the analysis was completed, the built-in cell and all
lines were rinsed with deionized water. After five milk samples, the system was cleaned with the
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recommended MIRIS detergent. An in-house control sample as well as a calibration standard provided
by the manufacturer were analyzed after every tenth measurement for quality control purposes.
2.7. Direct Method Procedure to Prepare Fatty Acid Methyl Esters (FAME) from Human Milk
Fatty acids were quantified in HM as described by Cruz-Hernandez et al. [22]. Acid FAME were
prepared using HCl/Methanol (3N) as a catalyst. The methylation procedure was as follows: In a
15 mL test tube equipped with Teflon-lined screw caps, 250 µL of HM was added followed by 300 µL
of internal standard FAME 11:0 and 300 µL of internal standard TAG 13:0, 2 mL of methanol, 2 mL
of methanol/HCL (3N) and 1 mL of n-hexane. Test tubes were firmly capped and shaken vigorously
and heated at 100 ◦C for 60 min, with occasional shaking. Care was taken to fit the cap tightly with
cap liner to avoid leaks when tubes are heated at 100 ◦C. After cooling down to room temperature,
2 mL water was added and shaken vigorously for centrifugation at 1200× g for 5 min followed by
transfer of the upper phase (hexane) into gas chromatography vials. Analyses were performed on a
7890A gas-chromatograph (Agilent Technologies, Palo Alto, CA, USA) equipped with a fused-silica
CP-Sil 88 capillary column (100% cyanopropylpolysiloxane; 100 m, 0.25 mm id, 0.25 µm film thickness;
Agilent, Palo Alto, CA, USA) have been used with a split injector (1:25 ratio) heated at 250 ◦C and
a flame-ionization detector operated at 300 ◦C. Oven temperature programming used was 60 ◦C
isothermal for 5 min, increased to 165 ◦C at 15 ◦C/min, isothermal for 1 min at this temperature,
and then increased to 195 ◦C at 2 ◦C/min and held isothermal for 14 min and then increased to 215 ◦C
at 5 ◦C/min and held isothermal for 8 min at 215 ◦C. Hydrogen was used as carrier gas under constant
flow mode at 1.5 mL/min.
2.8. Statistics
The scarcity of quantitative data on the fatty acid content in preterm HM precluded a power
calculation in this exploratory study. Sample size was initially set at n = 20 subjects per group (preterm
and term groups), according to the estimated recruitment feasibility at the study center within a one
year period. The longitudinal evolution of fatty acid content was compared in preterm and term
HM postpartum age (categorized by lactation stages: colostrum (≤1 week postpartum), transitional
(>1 week and ≤2 weeks post-partum) and mature (>2 weeks and ≤16 weeks)). No aggregation
was done for observations from the same participant within each lactation stage (i.e., colostrum
has 1 observation, transitional milk has 1 observation and mature milk has 4 observations per
participant). Mixed linear models were used to estimate the differences between preterm and term
HM. The models used age (colostrum, transitional milk and mature milk stages), term/preterm birth
status, and interaction between age and term/preterm status and delivery mode. Within subject
variability was accounted by declaring the subject ID as a random effect. Logarithmic transformation
was applied to the FA as they are generally skewed. Only the ratios (n-6 to n-3 ratio and ARA to DHA
ratio) were assumed to be normally distributed, therefore no transformation was applied. Contrast
estimates of the model were calculated by comparing preterm and term HM groups at each time point.
No imputation method was applied for missing data (both in between visits and loss to follow up)
as the method used does not require a complete data set. A conventional 2-sided 5% error rate was
used without adjusting for multiplicity. A similar analysis was done separating term and preterm
infants but looking at the age differences (colostrum vs. transitional milk, transitional milk vs. mature
milk and colostrum vs. mature milk). Statistical analyses were done with SAS 9.3 (SAS Institute Inc.,
Cary, NC, USA) and R 3.2.1. (R Foundation, Vienna, Austria) Differences were considered statistically
significant when p values were <0.05.
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3. Results
3.1. Subject Characteristics
This study included convenient sampling of 27 mothers who delivered 33 preterm infants and
34 mothers who delivered 34 term infants at CHUV neonatal unit in Lausanne, Switzerland. Multiple
deliveries (twins) were frequent (36%) in the preterm group, but absent in the term group. Figure 1
displays the study flow chart. Two out of 27 (7.4%) preterm infant mothers and 6 out of 34 (17.6%)
term infant mothers were lost to follow-up. No adverse events were reported along the study period.
In total, 498 HM samples, 279 from preterm and 219 from full term infant mothers, were available for
fatty acid analyses. Table 1 reports mother, infant demographic, and baseline anthropometric data.
Maternal characteristics were comparable among groups. Caesarean delivery was more frequent in
the preterm group. Preterm and full term infants significantly differed in all parameters except for
gender distribution.
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Table 1. Maternal and infant characteristics of the study population.
Study Population Preterm Term p-value
Maternal n = 27 n = 34
Age (years), mean ± SD 32.4 ± 5.6 31.2 ± 4.2 0.3173
Height (cm), mean ± SD 165.2 ± 7.1 166.8 ± 6.6 0.3601
Weight before pregnancy (kg), mean ± SD 62.1 ± 9.5 64.3 ± 12.0 0.4479
Weight at birth (kg), mean ± SD 70.3 ± 10.6 74.5 ± 11.3 0.1426
BMI before pregnancy (kg/m2), mean ± SD 22.8 ± 3.4 23.2 ± 4.9 0.6990
BMI at birth (kg/m2), mean ± SD 25.8 ± 3.7 26.9 ± 4.7 0.3141
Caesarean delivery, % 63.0 23.5 0.0019
Infant n = 33 n = 34
Gestational age at birth (weeks), mean ± SD 30.8 ± 1.4 39.5 ± 1.0 <0.0001
Males, % 54.5 52.9 0.8952
Twins, % 36.4 0.0 0.0001
Height (cm), mean ± SD 40.4 ± 3.2 49.4 ± 1.7 <0.0001
Weight (g), mean ± SD 1421.4 ± 372.8 3277.6 ± 353.6 <0.0001
Head circumference (cm), mean ± SD 27.8 ± 2.1 34.4 ± 1.5 <0.0001
3.2. Total Lipids in Preterm and Term Human Milk
Total lipids was measured by MIRIS® HMA as previously described by Giuffrida et al. [23] and
results are listed in Table 2. Total lipids content increased from colostrum (2.4 and 1.7 g/100 mL
preterm and term HM, respectively) to mature milk (3.1 and 3.6 g/100 mL in preterm and term HM,
respectively). Significant differences in total lipid content were observed between preterm and term
groups but only in mature milk (Figure 2).
Table 2. Fatty acid (FA) composition of human milk (HM) expressed by mothers who delivered either
preterm or term infant(s).
Fatty Acids
Colostrum Transitional Milk Mature Milk
Preterm Term Preterm Term Preterm Term
total lipids (g/100 mL) 2.40 (1.25) 1.70 (1.35) 3.05 (1.35) 3.10 (0.95) 3.10 c (1.40) 3.60 c (1.95)
8:0 (caprylic acid) 0.08 a (0.08) 0.03 a (0.05) 0.20 (0.09) 0.22 (0.04) 0.21 (0.08) 0.22 (0.06)
10:0 (capric acid) 0.60 a (0.44) 0.29 a (0.3) 1.58 (0.58) 1.64 (0.47) 1.48 (0.47) 1.46 (0.38)
12:0 (lauric acid) 3.14 a (2.22) 2.24 a (1.28) 6.76 (2.41) 6.33 (2.02) 5.91 c (2.44) 5.26 c (2.10)
14:0 (myristic acid) 6.20 (1.52) 5.83 (1.77) 7.86 (3.35) 7.62 (1.8) 7.36 c (2.9) 6.27 c (1.93)
16:0 (palmitic acid) 24.02 (1.97) 25.68 (2.83) 22.75 (4.86) 23.49 (3.11) 23.10 (3.46) 23.29 (3.31)
16:1 n-7 (palmitoleic acid) 2.34 (0.88) 2.18 (0.51) 1.96 (1.24) 2.34 (0.74) 2.17 c (0.82) 2.44 c (0.77)
18:0 (stearic acid) 6.30 (1.55) 6.79 (1.51) 6.27 (1.86) 6.23 (1.03) 7.03 (2.06) 6.75 (1.69)
18:1 n-9 (oleic acid) 37.64 (2.73) 39.36 (3.02) 34.62 (5.77) 35.85 (4.06) 35.22 c (5.16) 37.67 c (4.82)
18:1 n-7 (vaccenic acid) 2.62 (0.62) 2.67 (0.48) 2.06 (0.44) 2.13 (0.4) 1.83 c (0.45) 1.96 c (0.38)
18:1 trans fatty acids 0.70 (0.28) 0.75 (0.19) 0.68 (0.3) 0.75 (0.31) 0.71 c (0.42) 0.82 c (0.36)
18:2 n-6 (linoleic acid) 9.61 (2.19) 7.92 (1.17) 9.55 b (2.98) 8.70 b (2.23) 10.21 c (3.64) 9.35 c (2.90)
18:3 n-3 (α-linolenic acid) 0.77 a (0.25) 0.51 a (0.15) 0.72 (0.28) 0.67 (0.26) 0.75 (0.43) 0.74 (0.30)
18:3 n-6 (γ-linolenic acid) 0.03 (0.02) 0.03 (0.02) 0.05 (0.03) 0.08 (0.04) 0.09 (0.04) 0.10 (0.06)
20:0 (arachidic acid) 0.21 a (0.05) 0.27 a (0.09) 0.20 (0.06) 0.21 (0.04) 0.20 (0.07) 0.20 (0.04)
20:1 n-9 (eicosenoic acid) 0.76 (0.23) 0.99 (0.20) 0.60 b (0.17) 0.54 b (0.09) 0.47 (0.14) 0.45 (0.12)
20:2 n-6 (eicosadienoic acid) 0.52 (0.22) 0.58 (0.16) 0.42 b (0.12) 0.34 b (0.06) 0.29 (0.12) 0.26 (0.07)
20:3 n-6 (dihomo-γ-linolenic acid) 0.51 a (0.17) 0.66 a (0.35) 0.41 (0.10) 0.48 (0.18) 0.35 (0.12) 0.38 (0.13)
20:5 n-3 (EPA) 0.07 (0.07) 0.07 (0.03) 0.06 (0.05) 0.07 (0.03) 0.06 (0.04) 0.06 (0.04)
22:1 n-9 (erucic acid) 0.19 a (0.06) 0.25 a (0.06) 0.12 (0.06) 0.12 (0.02) 0.09 (0.03) 0.08 (0.03)
20:4 n-6 (ARA) 0.71 (0.36) 0.78 (0.32) 0.55 (0.19) 0.53 (0.11) 0.40 (0.12) 0.42 (0.12)
24:0 (lignoceric acid) 0.19 (0.05) 0.23 (0.1) 0.14 (0.05) 0.12 (0.04) 0.08 (0.04) 0.08 (0.03)
24:1 n-9 (nervonic acid) 0.30 a (0.09) 0.39 a (0.14) 0.13 (0.09) 0.13 (0.03) 0.07 (0.04) 0.07 (0.03)
22:6 n-3 (DHA) 0.61 (0.41) 0.64 (0.28) 0.35 (0.19) 0.42 (0.15) 0.27 (0.16) 0.28 (0.17)
Sum SFA 43.49 (7.03) 42.03 (2.84) 47.14(7.76) 46.08 (6.37) 45.88 c (7.45) 43.86 c (5.93)
Sum MUFA 44.59 (2.90) 46.51 (3.72) 40.65 (6.19) 42.12 (4.88) 40.44 c (5.6) 43.84 c (4.96)
Sum MCFA (< 14:0) 3.95 a (2.52) 2.51 a (1.65) 8.52 (2.67) 7.93 (2.66) 7.63 c (2.89) 6.94 c (2.38)
Sum PUFA 12.90 (2.95) 11.33 (1.95) 12.19 (3.05) 11.29 (2.03) 12.76 (4.00) 11.77 (3.43)
Sum PUFA n-3 1.48 (0.91) 1.16 (0.36) 1.24 (0.54) 1.15 (0.23) 1.15 (0.62) 1.11 (0.36)
Sum PUFA n-6 10.16 (2.68) 9.92 (1.66) 10.88 (2.96) 10.20 (2.22) 11.37 (3.82) 10.61 (3.17)
n-6 to n-3 ratio 7.29 (2.49) 8.67 (2.24) 8.68 (4.56) 8.58 (1.93) 9.72 (4.94) 9.58 (3.31)
ARA to DHA ratio 1.36 a (0.71) 1.40 a (0.53) 1.52 (0.59) 1.40 (0.41) 1.77 (1.15) 1.51 (0.68)
The data expressed in this table are medians (and interquartile range in parentheses) expressed as g/100 g FA except
total lipids which is expressed in g/100 mL of human milk and ratios. Values within a row with a letter (a, b, c) indicate
statistically significant differences (p < 0.05) between preterm and term HM for colostrum, transitional and mature
milk, respectively. SFA—Saturated Fatty Acids, MUFA—Mono-Unsaturated Fatty Acids, PUFA—Poly-Unsaturated
Fatty Acids, MCFA—Medium Chain Fatty Acids, ARA—Arachidonic Acid, DHA—Docosahexaenoic Acid,
EPA—Eicosapentaenoic Acid.
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20:0 (arachidic acid) 0.21 a (0.05) 0.27 a (0.09) 0.20 (0.06) 0.21 (0.04) 0.20 (0.07) 0.20 (0.04) 
20:1 n-9 (eicosenoic acid) 0.76 (0.23) 0.99 (0.20) 0.60 b (0.17) 0.54 b (0.09) 0.47 (0.14) 0.45 (0.12) 
20:2 n-6 (eicosadienoic acid) 0.52 (0.22) 0.58 (0.16) 0.42 b (0.12) 0.34 b (0.06) 0.29 (0.12) 0.26 (0.07) 
20:3 n-6 (dihomo-γ-linolenic acid) 0.51 a (0.17) 0.66 a (0.35) 0.41 (0.10) 0.48 (0.18) 0.35 (0.12) 0.38 (0.13) 
20:5 n-3 (EPA) 0.07 (0.07) 0.07 (0.03) 0.06 (0.05) 0.07 (0.03) 0.06 (0.04) 0.06 (0.04) 
22:1 n-9 (erucic acid) 0.19 a (0.06) 0.25 a (0.06) 0.12 (0.06) 0.12 (0.02) 0.09 (0.03) 0.08 (0.03) 
20:4 n-6 (ARA) 0.71 (0.36) 0.78 (0.32) 0.55 (0.19) 0.53 (0.11) 0.40 (0.12) 0.42 (0.12) 
24:0 (lignoceric acid) 0.19 (0.05) 0.23 (0.1) 0.14 (0.05) 0.12 (0.04) 0.08 (0.04) 0.08 (0.03) 
24:1 n-9 (nervonic acid) 0.30 a (0.09) 0.39 a (0.14) 0.13 (0.09) 0.13 (0.03) 0.07 (0.04) 0.07 (0.03) 
22:6 n-3 (DHA) 0.61 (0.41) 0.64 (0.28) 0.35 (0.19) 0.42 (0.15) 0.27 (0.16) 0.28 (0.17) 
Sum SFA 43.49 (7.03) 42.03 (2.84) 47.14(7.76) 46.08 (6.37) 45.88 c (7.45) 43.86 c (5.93) 
Sum MUFA 44.59 (2.90) 46.51 (3.72) 40.65 (6.19) 42.12 (4.88) 40.44 c (5.6) 43.84 c (4.96) 
Sum MCFA (< 14:0) 3.95 a (2.52) 2.51 a (1.65) 8.52 (2.67) 7.93 (2.66) 7.63 c (2.89) 6.94 c (2.38) 
Sum PUFA 12.90 (2.95) 11.33 (1.95) 12.19 (3.05) 11.29 (2.03) 12.76 (4.00) 11.77 (3.43) 
Sum PUFA n-3 1.48 (0.91) 1.16 (0.36) 1.24 (0.54) 1.15 (0.23) 1.15 (0.62) 1.11 (0.36) 
Sum PUFA n-6 10.16 (2.68) 9.92 (1.66) 10.88 (2.96) 10.20 (2.22) 11.37 (3.82) 10.61 (3.17) 
n-6 to n-3 ratio 7.29 (2.49) 8.67 (2.24) 8.68 (4.56) 8.58 (1.93) 9.72 (4.94) 9.58 (3.31) 
ARA to DHA ratio 1.36 a (0.71) 1.40 a (0.53) 1.52 (0.59) 1.40 (0.41) 1.77 (1.15) 1.51 (0.68) 
The data expressed in this table are medians (and interquartile range in parentheses) expressed as 
g/100 g FA except total lipids which is expressed in g/100 mL of human milk and ratios. Values within 
a row with a letter (a, b, c) indicate statistically significant differences (p < 0.05) between preterm and 
term HM for colostrum, transitional and mature milk, respectively. SFA—Saturated Fatty Acids, 
MUFA—Mono-Unsaturated Fatty Acids, PUFA—Poly-Unsaturated Fatty Acids, MCFA—Medium 
Chain Fatty Acids, ARA—Arachidonic Acid, DHA—Docosahexaenoic Acid, EPA—Eicosapentaenoic 
Acid. 
Figure 2. Total lipids content (g/100 mL) in colostrum, transitional and mature milk in preterm and
term groups.
3.3. Fatty Acids in Preterm and Term Human Milk
FA were measured by gas chromatography—flame ionization detection (GC-FID), and the results
are enumerated in Table 2.
The sum of saturated fatty acid (SFA) content increased significantly from colostrum (43.49 and
42.03% sum of FA in preterm and term HM, respectively) to mature milk (45.88 and 43.86% sum of FA
in preterm and term HM, respectively). The sum of SFA content was significantly higher in preterm
than in term mature milk. Palmitic acid (16:0) was the most abundant SFA and overall second most
abundant FA in preterm and term HM in this study. In spite of increases in total SFA, palmitic acid
content significantly decreased from colostrum (24.02 and 25.68% sum of FA in preterm and term HM,
respectively) to mature milk (23.10 and 23.29% sum of FA in preterm and term HM, respectively).
Stearic acid (18:0) increased significantly only in preterm milk (6.30% in colostrum and 7.03% in
mature milk). Furthermore, short (SC; 8:0) and medium chain (MC; 10:0 and 12:0) FA content was
significantly low in colostrum (3.95 and 2.51% sum of FA in preterm and term HM, respe tively)
compared to trans tional (8.52 and 7.93% sum of FA in preterm and term HM, respectively) and mature
milk (7.63 and 6.94% sum of FA in preterm and term HM, respectively). Significant differences were
observed between preterm and term colostrum for caprylic (8:0), capric (10:0) and lauric (12:0) being
higher in preterm than in term. In mature HM, lauric and myristic (14:0) acids were significantly
higher in preterm than in term. Figure 3 shows capric and lauric acid concentration in colostrum,
transitional and mature milk and differences between preterm and term. Arachidic acid (20:0) was
lower in preterm milk but only for the colostrum stage of lactation.
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Figure 3. Capric (10:0, left panel) and lauric (12:0, right panel) acids in colostrum, transitional and
mature milk in reterm an term groups. The results are expressed as percentages (g/100 g sum of FA).
The sum of MUFA in HM decreased significantly from colostrum (44.59 and 46.51% of sum of FA
in preterm and term HM, respectively) to mature milk (40.44 and 43.84% of sum of FA in preterm and
term HM, respectively). Oleic acid (18:1 n-9), the most abundant FA, decreased significantly along the
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lactation (from 37.64 to 35.22 % of total FA in preterm HM and from 39.36 to 37.67% of total FA in term
HM) (Figure 4). Other MUFA (i.e., 18:1 n-7, 20:1 n-9, 22:1 n-9 and 24:1 n-9) also decreased significantly
over lactation. The only exception was 16:1 n-7 for which no significant trend was observed. The total
MUFA content was significantly higher in term than in preterm mature milk. However, significant
differences were observed between preterm and term colostrum with 22:1 n-9 and 24:1 n-9 being
significantly lower in preterm and in mature milk for 18:1 n-9 being significantly lower in preterm HM.Nutrients 2018, 10, x FOR PEER REVIEW  9 of 13 
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Figure 4. Palmitic (16:0, left panel) and oleic (18:1 n-9, right panel) acids in colostrum, transitional and
mature milk in preterm and term. The results are expressed as percentages (g/100 g sum of FA).
Among poly-unsaturated fatty acids (PUFA), n-6 linoleic acid (LA; 18:2 n-6) was the most
abundant FA and it increased significantly from colostrum (9.61 and 7.92% sum of FA in preterm
and term HM, respectively) to mature milk (10.21 and 9.35% sum of FA in preterm and term HM,
respectively). ARA (20:4 n-6) content decreased significantly from colostrum to mature milk in both
preterm and term HM. No significant differences on PUFA n-6 content were observed between preterm
and term in colostrum, transitional milk and mature milk (Figure 5). Among PUFA, n-3 alpha-linolenic
acid (ALA; 18:3 n-3) was the most abundant FA and it increased significantly in term from colostrum
(0.51% of total FA) to mature milk (0.74% of total FA) but it was stable at about 0.7% of sum of FA
in preterm group. DHA (22:6 n-3) decreased significantly over the lactation period from 0.6% in
colostrum to 0.3% of total FA in mature milk, in both preterm and term HM. Eicosapentaenoic acid
(EPA; 20:5 n-3) was present in minute quantities (0.07% of the sum of FA in colostrum, transitional and
mature milk). Between preterm and term, the only significant differences were observed for ALA in
colostrum, being higher in preterm than in term HM.
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4. Discussion
There are different classes of fatty acids (FA) in HM with putative biological functions. Most
widely studied are long chain polyunsaturated FA (LCPUFA) with potential roles in the development
of visual and cognitive functions in early life [24,25]. HM also contains essential FA, such as linoleic
(18:2 n-6) and alpha-linolenic (18:3 n-3) acid that must be supplied orally as de novo synthesis is low to
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non-existent [7]. Furthermore, there is also the presence of short to medium chain and saturated FA
(SFA) along with monounsaturated FA (MUFA). In this study, we longitudinally characterized total
lipids and FA from milk of mothers who delivered either preterm or term infants.
Total lipid content increased from colostrum to mature milk in agreement with multiple previous
reports [16,26–33]. However, our observation that term HM had higher lipids than preterm milk when
the milk was mature is not corroborated by a systematic review and meta-analysis of Gidrewicz and
Fenton [34]. This could be due to inclusion of multiple studies in meta-analysis with varied sampling
and analytical procedures as compared to our study.
The saturated FA we characterized in this study ranges from short chain FA (8:0), medium chain
FA (10:0, 12:0, 14:0), to long chain FA (16:0, 18:0, 20:0) and very long chain FA (24:0). Overall, the sum
of all SFA in colostrum was lower than transitional and mature milk for both preterm and term groups.
In colostrum, short and medium chain FA were higher in preterm than in term HM, in agreement with
previous works [35,36]. Benefits of medium chain FA in preterm infant nutrition has been a topic of
research for past few decades. It has been demonstrated [21] that, after triacylglycerol hydrolysis of 10:0
and 12:0, FA are absorbed directly in the blood circulation without being incorporated in chylomicrons,
thus may be more bioavailable and/or readily available sources of energy in the immature preterm
digestive system that longer chain FA. Additionally, entering the cells these FA get into mitochondria
without the assistance of a carnitine transporter [21], therefore sparing adenosine triphosphate (ATP)
for other cellular process. Palmitic acid (16:0) was the most abundant saturated FA and accounted for
approximately 60% of sum of SFA and it also represented the second most abundant FA in HM. Palmitic
acid did not show any major temporal changes in either of the groups, suggesting minor variations
amongst different populations, a phenomenon that has also been observed in other studies [36–38].
Amongst all FA characterized in this study, oleic acid (OA, 18:1 n-9) was the most abundant
FA in both term and preterm groups. While it did not show any statistically significant difference
between groups in colostrum and transitional milk, the content was higher in term mature milk.
This observation is in line with findings of Rueda et al., [39] which not only agreed with the ranges
of OA present in both term and preterm milk but also demonstrated that term HM contained higher
proportions of OA in comparison to their preterm counterparts.
Linoleic acid (LA) was the most abundant n-6 FA in both term and preterm milk. Both groups
showed slight increases in the concentrations from colostrum to mature milk. Not only is linoleic
acid an essential fatty acid that is a required precursor for production of ARA, but also downstream
products of ARA yields leukotrienes, prostaglandins and thromboxane that are physiologically active
and provide diversified functions of signaling. The relative percentage of linoleic acid in our study
agreed with previous reports of Luukkainen [37], Genzel-Boroviczény [38], Rueda [39] and Sabel [40].
However, Kovacs [36] reported to have 40 to 50% more LA in milk of both term and preterm infants.
However, since n-6 FA can be modulated by maternal intakes, the groups can attribute the observation
to differential intake. Alpha-linolenic acid (ALA), the precursor to EPA and DHA, represented between
40 and 60% of all n-3 FA characterized in this study for both term and preterm infants. In our study,
colostrum of preterm HM contained statistically significant higher proportions of ALA than their term
counterparts. However, this significance did not sustain over time and the relative percentages of
ALA were comparable in both term and preterm groups for transitional and mature milk. The mature
milk of other studies also reportedly has no differences between the groups [36,37]. A limitation of
this study is that neither dietary intake, nor supplement intake was recorded preventing us from
associating HM FA to these factors.
The concentration of DHA decreased over stages of lactation for both groups, preterm and term
HM. This trend has been described by numerous studies reported in the literature [19,31,35,37–39].
However, consistency is not observed when comparing the concentrations of DHA in milk within
term and preterm groups. In our study we did not observe significant differences, yet it has been
reported by Kovács et al. [36] that there is significantly higher DHA in preterm milk than in term milk
for first 21 day post-partum. On the other hand Rueda et al. [39], reported to have higher DHA in term
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milk over preterm milk for first week post-partum. Since DHA content of mothers milk is sensitive
to maternal intake of food rich in sources of DHA [41], it may explain the differences observed in
different studies. It also may be prudent to note that preterm offspring may benefit from fortifying
mothers’ own milk in populations where dietary/supplementary intake of sources of DHA may be
lower than ideal.
5. Conclusions
In summary, oleic, palmitic and linoleic acids were the most abundant FA across lactation and in
both groups. Preterm colostrum contained significantly higher 8:0, 10:0, 12:0, sum medium chain fatty
acids (MCFA), 18:3 n-3 FA compared to term counterparts. Preterm mature milk contained significantly
higher 12:0, 14:0, 18:2 n-6, sum SFA, and sum MCFA. Preterm colostrum contained significantly lower
20:0, 20:3 n-6, 22:1 n-9 and 24:1 n-9. Preterm mature milk contained significantly lower total lipids, 16:1
n-7 and 18:1 n-9. We did not observe any significant differences between the preterm and term groups
for DHA, ARA and EPA at any stage of lactation. Overall, preterm milk was higher for SFA with major
contributions from MCFA and higher in 18:2 n-6. These observational differences need to be studied
further for their implications on preterm developmental outcomes and on fortification strategies of
either mothers’ own milk or donor human milk.
Author Contributions: S.K.T. and F.G. contributed to the interpretation of the results and drafted the manuscript.
M.A. designed and conducted the research, contributed to the interpretation of the results and to manuscript
writing and approved the final version. J.-F.T., C.J.F.F. contributed to the study design and to the development
of overall research plan, conducted the research, reviewed the manuscript and approved the final version.
C.A.D.C. performed the statistical analysis, participated in manuscript writing and approved the final version.
L.B. conducted the research, reviewed the manuscript and approved the final version.
Funding: This study was funded by Nestlé Research, Lausanne (Nestec Ltd.). Nestlé Research sponsored the
study, participated to the protocol building, and provided the infrastructure and the material and human resources
to analyze the HM samples and lipids data. Employees of Nestlé Research further participated in the interpretation
of the results and the manuscript writing.
Acknowledgments: First and foremost, a sincere note of gratitude to all mothers who enthusiastically participated
in this study. Furthermore, sincere thanks to Nassima Grari, the study lactation nurse who admirably cared
about all mothers during the full study duration, to Céline Romagny and Emilie Darcillon who managed the
organizational and operational part of the clinical study and the data management. Sincere thanks also to Clara L.
Garcia-Rodenas for critical inputs on this manuscript.
Conflicts of Interest: S.K.T., M.A., C.A.D.C., and F.G. are all employees of Nestec Ltd. L.B., J.-F.T., and C.J.F.F.
declare no conflict of interest.
References
1. Gartner, L.M.; Morton, J.; Lawrence, R.A.; Naylor, A.J.; O’Hare, D.; Schanler, R.J.; Eidelman, A.I. Breastfeeding
and the use of human milk. Pediatrics 2005, 115, 496–506. [PubMed]
2. Kramer, M.S.; Kakuma, R. Optimal duration of exclusive breastfeeding. Cochrane Database Syst. Rev.
2012, CD003517. [CrossRef] [PubMed]
3. Victora, C.G.; Bahl, R.; Barros, A.J.; França, G.V.; Horton, S.; Krasevec, J.; Murch, S.; Sankar, M.J.; Walker, N.;
Rollins, N.C.; et al. Breastfeeding in the 21st century: Epidemiology, mechanisms, and lifelong effect. Lancet
2016, 387, 475–490. [CrossRef]
4. Quigley, M.; Embleton, N.D.; McGuire, W. Formula versus donor breast milk for feeding preterm or low
birth weight infants. Cochrane Database Syst. Rev. 2018, 6, CD002971. [CrossRef] [PubMed]
5. Ziegler, E.E. 3.14 Preterm and low-birth-weight infants. World Rev. Nutr. Diet 2015, 113, 214–217.
6. Kumar, R.K.; Singhal, A.; Vaidya, U.; Banerjee, S.; Anwar, F.; Rao, S. Optimizing nutrition in preterm low
birth weight infants—Consensus summary. Front. Nutr. 2017, 4, 20. [CrossRef]
7. Heird, W.C.; Lapillonne, A. The role of essential fatty acids in development. Annu. Rev. Nutr. 2005, 25,
549–571. [CrossRef]
8. Molloy, C.; Doyle, L.W.; Makrides, M.; Anderson, P.J. Docosahexaenoic acid and visual functioning in
preterm infants: A review. Neuropsychol. Rev. 2012, 22, 425–437. [CrossRef]
Nutrients 2019, 11, 112 11 of 12
9. Schneider, N.; Garcia-Rodenas, C. Early nutritional interventions for brain and cognitive development in
preterm infants: A review of the literature. Nutrients 2017, 9, 187. [CrossRef]
10. Ziegler, E.E. Human milk and human milk fortifiers. World Rev. Nutr. Diet. 2014, 110, 215–227.
11. Arslanoglu, S.; Moro, G.E.; Ziegler, E.E. Optimization of human milk fortification for preterm infants: New
concepts and recommendations. J. Perinat. Med. 2010, 38, 233–238. [CrossRef] [PubMed]
12. Rochow, N.; Fusch, G.; Choi, A.; Chessell, L.; Elliott, L.; McDonald, K.; Kuiper, E.; Purcha, M.; Turner, S.;
Chan, E.; et al. Target fortification of breast milk with fat, protein, and carbohydrates for preterm infants.
J. Pediatr. 2013, 163, 1001–1007. [CrossRef] [PubMed]
13. Dror, D.K.; Allen, L.H. Overview of Nutrients in Human Milk. Adv. Nutr. 2018, 9 (Suppl.1), 278S–294S.
[CrossRef] [PubMed]
14. Thakkar, S.K.; Giuffrida, F.; Cristina, C.H.; De Castro, C.A.; Mukherjee, R.; Tran, L.A.; Steenhout, P.; Lee, L.Y.;
Destaillats, F. Dynamics of human milk nutrient composition of women from Singapore with a special focus
on lipids. Am. J. Hum. Biol. 2013, 25, 770–779. [CrossRef] [PubMed]
15. Giuffrida, F.; Cruz-Hernandez, C.; Bertschy, E.; Fontannaz, P.; Masserey Elmelegy, I.; Tavazzi, I.; Marmet, C.;
Sanchez-Bridge, B.; Thakkar, S.K.; De Castro, C.A.; et al. Temporal changes of human breast milk lipids of
chinese mothers. Nutrients 2016, 8, 715. [CrossRef] [PubMed]
16. Mimouni, F.B.; Lubetzky, R.; Yochpaz, S.; Mandel, D. Preterm human milk macronutrient and energy
composition: A systematic review and meta-analysis. Clin. Perinatol. 2017, 44, 165–172. [CrossRef]
17. Fields, D.A.; Schneider, C.R.; Pavela, G. A narrative review of the associations between six bioactive
components in breast milk and infant adiposity. Obesity 2016, 24, 1213–1221. [CrossRef]
18. Meier, P.; Patel, A.L.; Wright, K.; Engstrom, J.L. Management of breastfeeding during and after the maternity
hospitalization for late preterm infants. Clin. Perinatol. 2013, 40, 689–705. [CrossRef]
19. Berenhauser, A.C.; Pinheiro do Prado, A.C.; da Silva, R.C.; Gioielli, L.A.; Block, J.M. Fatty acid composition
in preterm and term breast milk. Int. J. Food Sci. Nutr. 2012, 63, 318–325. [CrossRef]
20. Granot, E.; Ishay-Gigi, K.; Malaach, L.; Flidel-Rimon, O. Is there a difference in breast milk fatty acid
composition of mothers of preterm and term infants? J. Matern. Fetal Neonatal Med. 2016, 29, 832–835.
[CrossRef]
21. Bobinski, R.; Mikulska, M.; Mojska, H.; Simon, M. Comparison of the fatty acid composition of transitional
and mature milk of mothers who delivered healthy full-term babies, preterm babies and full-term small for
gestational age infants. Eur. J. Clin. Nutr. 2013, 67, 966–971. [CrossRef] [PubMed]
22. Cruz-Hernandez, C.; Goeuriot, S.; Giuffrida, F.; Thakkar, S.K.; Destaillats, F. Direct quantification of fatty
acids in human milk by gas chromatography. J. Chromatogr. A 2013, 1284, 174–179. [CrossRef] [PubMed]
23. Giuffrida, F.; Austin, S.; Cuany, D.; Sanchez-Bridge, B.; Longet, K.; Bertschy, E.; Sauser, J.; Thakkar, S.K.;
Lee, L.Y.; Affolter, M. Comparison of macronutrient content in human milk measured by mid-infrared
human milk analyzer and reference methods. J. Perinatol. 2018. [CrossRef] [PubMed]
24. Koletzko, B.; Rodriguez-Palmero, M. Polyunsaturated fatty acids in human milk and their role in early infant
development. J. Mammary Gland Biol. Neoplasia 1999, 4, 269–284. [CrossRef] [PubMed]
25. Lapillonne, A. Enteral and parenteral lipid requirements of preterm infants. World Rev. Nutr. Diet. 2014, 110,
82–98. [PubMed]
26. Bauer, J.; Gerss, J. Longitudinal analysis of macronutrients and minerals in human milk produced by mothers
of preterm infants. Clin. Nutr. 2011, 30, 215–220. [CrossRef] [PubMed]
27. Narang, A.P.; Bains, H.S.; Kansal, S.; Singh, D. Serial composition of human milk in preterm and term
mothers. Indian J. Clin. Biochem. 2006, 21, 89–94. [CrossRef]
28. Anderson, G.H.; Atkinson, S.A.; Bryan, M.H. Energy and macronutrient content of human milk during early
lactation from mothers giving birth prematurely and at term. Am. J. Clin. Nutr. 1981, 34, 258–265. [CrossRef]
29. Corvaglia, L.; Martini, S.; Aceti, A.; Capretti, M.G.; Galletti, S.; Faldella, G. Cardiorespiratory events with
bolus versus continuous enteral feeding in healthy preterm infants. J. Pediatr. 2014, 165, 1255–1257. [CrossRef]
30. Gross, S.J.; David, R.J.; Bauman, L.; Tomarelli, R.M. Nutritional composition of milk produced by mothers
delivering preterm. J. Pediatr. 1980, 96, 641–644. [CrossRef]
31. Molto-Puigmarti, C.; Castellote, A.I.; Carbonell-Estrany, X.; López-Sabater, M.C. Differences in fat content
and fatty acid proportions among colostrum, transitional, and mature milk from women delivering very
preterm, preterm, and term infants. Clin. Nutr. 2011, 30, 116–123. [CrossRef] [PubMed]
Nutrients 2019, 11, 112 12 of 12
32. Mahajan, S.; Chawla, D.; Kaur, J.; Jain, S. Macronutrients in breastmilk of mothers of preterm infants.
Indian Pediatr. 2017, 54, 635–637. [CrossRef] [PubMed]
33. Saint, L.; Maggiore, P.; Hartmann, P.E. Yield and nutrient content of milk in eight women breast-feeding
twins and one woman breast-feeding triplets. Br. J. Nutr. 1986, 56, 49–58. [CrossRef] [PubMed]
34. Gidrewicz, D.A.; Fenton, T.R. A systematic review and meta-analysis of the nutrient content of preterm and
term breast milk. BMC Pediatr. 2014, 14, 216. [CrossRef] [PubMed]
35. Kuipers, R.S.; Luxwolda, M.F.; Dijck-Brouwer, D.J.; Muskiet, F.A. Fatty acid compositions of preterm and term
colostrum, transitional and mature milks in a sub-Saharan population with high fish intakes. Prostaglandins
Leukot. Essent. Fatty Acids 2012, 86, 201–207. [CrossRef]
36. Kovacs, A.; Funke, S.; Marosvölgyi, T.; Burus, I.; Decsi, T. Fatty acids in early human milk after preterm and
full-term delivery. J. Pediatr. Gastroenterol. Nutr. 2005, 41, 454–459. [CrossRef] [PubMed]
37. Luukkainen, P.; Salo, M.K.; Nikkari, T. The fatty acid composition of banked human milk and infant formulas:
The choices of milk for feeding preterm infants. Eur. J. Pediatr. 1995, 154, 316–319. [CrossRef]
38. Genzel-Boroviczeny, O.; Wahle, J.; Koletzko, B. Fatty acid composition of human milk during the 1st month
after term and preterm delivery. Eur. J. Pediatr. 1997, 156, 142–147. [CrossRef]
39. Rueda, R.; Ramírez, M.; García-Salmerón, J.L.; Maldonado, J.; Gil, A. Gestational age and origin of human
milk influence total lipid and fatty acid contents. Ann. Nutr. Metab. 1998, 42, 12–22. [CrossRef]
40. Sabel, K.G.; Lundqvist-Persson, C.; Bona, E.; Petzold, M.; Strandvik, B. Fatty acid patterns early after
premature birth, simultaneously analysed in mothers’ food, breast milk and serum phospholipids of mothers
and infants. Lipids Health Dis. 2009, 8, 20. [CrossRef]
41. Francois, C.A.; Connor, S.L.; Wander, R.C.; Connor, W.E. Acute effects of dietary fatty acids on the fatty acids
of human milk. Am. J. Clin. Nutr. 1998, 67, 301–308. [CrossRef] [PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
